UVA and UVB can be applied to solar disinfection of water. In this study, the inactivation and photoreactivation of viruses and bacteria in the UVA-B range were analyzed. MS2 and T4 bacteriophages, and Escherichia coli were used as surrogates to quantify dose-response behaviors.
INTRODUCTION
The inactivation of water pathogens using ultraviolet (UV) radiation is widely accomplished using low-and mediumpressure lamps (LP and MP) that generate monochromatic and polychromatic radiation, respectively (Zimmer & Slawson ) . UV sources with a wavelength band centered at approximately 254 nm (UVC) are the most commonly used in water treatment and are effective in inactivating microorganisms believed to cause a major safety concern in drinking water (Hijnen et al. ) . Jagger () indicated that the inactivation dose required for comparable levels of inactivation at 400, 340, and 300 nm are nominally 10 4 , 10 3 , 10 times higher, respectively, than that required at 260 nm. Mbonimpa ). Solar radiation as a source of UVA and UVB is renewable, low cost, and avoids potential mercury contamination associated with lamps. However, solar radiation wavelengths are typically between 290 and 400 nm, with limited overlap with the most effective germicidal range (i.e., 200-300 nm); this means that SODIS applications may involve larger UV doses than those required for conventional UV disinfection systems that rely on artificial sources of UV radiation.
The lowest wavelength cutoff for ambient solar radiation varies spatially and temporally (Gueymard ; Duffie & Beckman ; Mbonimpa et al. ) ; as such, the performance of SODIS systems will display similar spatial and temporal dependence. The SMARTS model developed by Gueymard () indicates that clear skies near the equator can yield radiation of wavelengths as short as 290-300 nm.
The development of SODIS technology has involved empirical methods to demonstrate inactivation of common pathogens in water contained in polyethylene terephthalate (PET) bottles exposed to solar radiation for at least 6 hours Controlling the efficiency of SODIS systems can be difficult because it will depend on the absorbance properties of the container, water turbidity, atmospheric conditions, and water mixing. For these reasons, SODIS may sometimes not meet US safe drinking water standards (EPA ). However, the SODIS system has made significant contributions to health outcomes in parts of the world that often lack access to potable drinking water. For example, a study found that the application of SODIS reduced both diarrhea (16-24%) and cholera (86%) in Kenyan children who drank water filled in PET plastic bottles exposed to sunlight for a day (Conroy et al. ; Meierhofer ; Graf et al. ) .
Improving the understanding of SODIS may help expand its applications and its associated health benefits.
The inactivation mechanisms associated with UVC exposure include the formation of cyclobutane pyrimidine dimers and pyrimidine-pyrimidone photoproducts in the DNA or RNA of microbial cells, which prevent replication and multiplication (Blatchley & Peel ) . With these mechanisms highly reduced at longer UV wavelengths Photoreactivation represents a family of processes that facilitate repair and regrowth of cells that were previously inactivated by UV radiation. Jagger & Latarjet () reported that repair can be caused by radiation between 313 and 549 nm. Jagger & Stafford () showed how E. coli B phr-, which was thought to be not reactivable under certain conditions, exhibited photorepair when the bacteria was in the log-growth phase and treated with a photoreactivating radiation at a wavelength of 334 nm. They also indicated photoprotection behavior when photoreactivating radiation was applied before inactivation. The majority of existing repair studies have been examined after UVCinduced inactivation. For example, Quek & Hu (b) observed reactivation of up to 80% after a 5 log 10 inactivation of E. coli ATCC 11597 when low-pressure and medium-pressure lamps were used. Zimmer & Slawson () indicated that repair occurred after inactivation using both medium-pressure (MP) and low-pressure (LP) lamps depending upon the irradiation dose. At doses higher than 3 mJ/cm 2 using a MP lamp, E. coli results did not show any repair. At 60 mJ/cm 2 for MP and LP, E. coli results also did not show any repair (Quek & Hu a) .
To date, most investigations of microbial dose-response behavior for SODIS systems have been conducted using solar simulators or ambient solar radiation at relevant locations. Many of these earlier works have not controlled for temporal or spatial variations of the applied UV spectrum. Therefore, some of these reported dose-response behaviors may not be generally applicable. Furthermore, few studies have involved investigations of photoreactivation after solar UV exposure. The objective of this study was to close some of these information gaps by quantifying wavelength-dependent dose-response behaviors for UV wavelengths that characterize the solar spectrum available on the Earth's surface using common bacterial and viral indicator species. Also examined in this study was photoreactivation after solar UV inactivation.
MATERIALS AND METHODS

UV source
The UV source was an ORIEL instrument (Newport Inc.)
fitted with a 10 W medium-pressure mercury lamp, which provides an output spectrum with wavelengths ranging from 280 to 460 nm. Optical filters (Andover Corporation) were used to isolate narrow wavelength bands on the wavelength spectrum. The transmittance spectra of this series of optical filters are illustrated in Figure 1 . The transmittance spectra of these filters were measured using a UV-Visible spectrometer (Varian, Cary 300 BIO). These filters were characterized by (nominal) half-height band widths of 10 nm and were identified with the wavelength corresponding to the peak of their respective transmittance spectra. The peak transmittance wavelengths for these filters were spaced at roughly 10 nm increments across the UVA and UVB range.
A conventional UV low-pressure mercury lamp, with an essentially monochromatic output (λ ¼ 254 nm) and a XeBr excimer lamp (λ ¼ 282 nm) were also used. These sources were both housed in flat-plate collimators (Blatchley ) which allowed delivery of collimated, monochromatic UV radiation that was quantifiable (in terms of incident irradiance) by the use of a radiometer (IL1700, International Light). Microbial dose-response behavior at these two wavelengths is well established; experiments conducted at these wavelengths were used as a benchmark for comparison with earlier work.
Exposure to UV
A Petri dish (polystyrene plastic) with a pure culture of microorganisms was used as a continuously mixed batch reactor (CMBR). The CMBR was placed under a collimated radiation beam; the free surface of the microbial suspension was perpendicular to the radiation beam and the Petri dish was uncovered to avoid absorbance of the lid ( Figure S1 , in Supplementary material, available with the online version of this paper). A magnetic stirrer was used to mix the microbial suspension. A batch system was used since it is difficult to determine photochemical reaction kinetics constants for continuous-flow systems (Blatchley ) . The transmittance of the microbial suspension was measured E. coli analysis E. coli (ATCC 15597) was washed twice by centrifuging using sterile DI water to remove nutrient media, and resuspended in saline water (7% NaCl) before each doseresponse experiment. Removal of the media was conducted to limit the potential for growth during the experiments.
After exposure, E. coli was grown on agar (TYE þ 15 g/L agar) in a Petri dish and enumeration was done by counting colony forming units (CFUs). The concentration in the liquid phase was expressed in CFU/mL.
Light and dark repair test
The CMBRs were irradiated using a collimated beam device equipped with a narrow band filter with a peak at 297 nm, and sample solutions were completely stirred during exposure. For the first exposure, E. coli was subjected to a dose of 219 mJ/cm 2 , resulting in a 5.8 log 10 inactivation.
For the second exposure, E. coli was subjected to a dose of 314 mJ/cm 2 and a 6.06 log 10 inactivation was achieved.
These doses were used to reach inactivation in the tailing region to test a hypothesis from the literature that repair may be eliminated beyond a threshold applied dose (Zimmer & Slawson ) . Repair associated with lower doses has been reported in other studies (Quek & Hu a) , and the results were used in this study for comparison.
After UV irradiation, one batch of samples was exposed Action spectra for MS2 and T4 for the wavelength range of 254-320 nm are illustrated in Figure 5 . Inactivation constants for T4 at 254 nm and 282 nm were deduced from Several distinct trends were evident in these data. First, T4 was generally more sensitive to UV irradiation than MS2.
RESULTS
Dose-response behavior for viruses
Second, both viruses demonstrated consistent decreases in inactivation response with increasing wavelength. An exception to this generalization was observed with MS2 at a wavelength of 320 nm. MS2 inactivation at 320 nm was slightly greater than at 310 nm. In general terms, microbial inactivation responses to UVC and UVB irradiation are attributable to photochemical damage to nucleic acids and proteins (Jagger ) . Nucleic acids generally demonstrate a monotonic trend of decreasing absorbance with increasing wavelength above their absorbance peak, which generally is observed in the vicinity of 260 nm.
Dose-response behavior for bacteria
The UV-dose response behavior of E. coli, when exposed to 297 nm, showed a lag in the lower doses, and tailing (flattening at the lower end) at higher doses, with a first-order (loglinear) slope in between ( Figure 6 ). The lag occurred below doses of about 10 mJ/cm 2 , and tailing was observed at doses higher than approximately 100 mJ/cm 2 when the inactivation was about 6 log (99.9999% removal). For 310 nm the lag at lower doses was longer compared to 297 nm. No tailing was reached at 310 nm. At 320 nm the E. coli inactivation was minimal because the time required to reach higher doses was getting prohibitively long. For similar reasons, we did not see any measurable inactivation at wavelengths higher than 320 nm. The action spectra for bacteria E. coli (ATCC 15597) was complemented with data for other strains of E. coli (E. coli O157 and E. coli I5 t-u-a), Vibrio cholerae, and Salmonella (Figure 7) . Similar to viruses, the inactivation constant of E. coli reduces (at more or less second-order polynomial trend) as wavelength increases but there is a steep drop in inactivation above 280 nm.
Photoreactivation
After E. coli (ATCC 15597) was exposed to a 297 nm radi- 
DISCUSSION
Wavelengths in the UVB and UVA ranges can be used to inactivate both bacteria and viruses; however, the doses required to accomplish a given level of inactivation are considerably larger than those commonly applied with UVC radiation. The inactivation behavior in the UVB range appears to follow a trend that mimics the absorbance spectra of nucleic acids, which suggests that the mechanism of inactivation is similar to that of UVC radiation. These Bacterial repair observed in this study is also a concern for disinfection systems based on UVB radiation. Evidence of photorepair was presented that was qualitatively similar to behavior that had been previously reported for systems based on UVC radiation. Photorepair of E. coli following UVC exposure has been widely reported in the literature.
For instance, E. coli has been reported to include 20 photolyase enzymes, each with the ability to repair nominally five dimers per minute (Zimmer & Slawson ) . Given that the mechanism of inactivation for UVB radiation appears to be similar to that of UVC radiation, it is perhaps not surprising that similar repair behavior would be observed as well.
Jagger & Stafford () also indicated that repair depends on inactivation wavelength, type of microorganism, and the growth phase during the inactivation process. Cairns () indicated that bacteria generally have an inactivation peak around 260 nm, which reduces as wavelength increases and that this behavior is linked to DNA absorption of UV.
For repair tests, E. coli (ATCC 15597) may also represent an appropriate surrogate since it is known to have repair mechanisms that are more active than many bacterial species of concern, including E. coli O157 (Quek & Hu a) . No evidence of dark repair was observed with E. coli (ATCC 15597), a result that is in agreement with Oguma et al. () .
This study demonstrated wavelength-dependent behaviors that find application in solar disinfection studies (SODIS). The inactivation profiles for double-stranded DNA bacteriophage MS2 and single-stranded RNA bacteriophage were log-linear, and for both phages, inactivation decreased (linear trend) with an increase in wavelength.
The dose-response behavior of bacteria was also log-linear, but with noticeable lag (at 297 nm and 310 nm) and tailing phases (at 297 nm).
The results of this work establish the dose ranges that are required for successful inactivation, as well as the conditions that may trigger regrowth due to photorepair mechanisms. These findings help fill data gaps in the literature concerning SODIS.
It is also important to note that the performance of SODIS systems will be influenced by materials' specifications. For example, materials must be selected that enhance the collection of more germicidally active solar radiation (UVB and lower end of UVA 
CONCLUSIONS
Laboratory experiments with MS2 and T4 bacteriophages and E. coli demonstrated the effectiveness of solar UV radiation for inactivating viruses and bacteria. The germicidal effect was only observed in wavelengths below 320 nm of the electromagnetic spectrum. The capacity of bacteria to repair the damage was observed for E. coli. These results are useful for designing solar disinfection systems. However, we do recommend further studies using other microorganisms such as protozoa and spores.
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